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(54) Variable road feedback device for steer-by-wire systems 



(57) A variable road feedback device (20) for a 
steer-by-wire system (50) comprises a housing (31 ) that 
contains a magnetorheological fluid (32), a magnetic 
field generator (34) for generating a variable magnetic 
field within the housing (31 ) in order to vary the viscous 



resistance of the magnetorheological fluid (32) therein, 
and a rotor (24) rotatably mounted within the housing 

(31) that rotates through the magnetorheological fluid 

(32) and is responsive to the variable viscous resistance 
thereof. 
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Description 

CROSS REFERENCE TO RELATED APPLICATION 

[0001] This application claims the benefit of U.S. Pro- 5 
visional Patent Application serial number 60/183,597, 
filed February 18, 2000, the entire contents of which are 
incorporated herein by reference. 

TECHNICAL FIELD 

[0002] This disclosure relates to steer-by-wire sys- 
tems, and more particularly, to steer-by-wire systems 
with variable road feedback. 

BACKGROUND 

[0003] Conventional vehicular steering systems have 
an articulated mechanical linkage connecting the steer- 
ing wheel to the steerable road wheels. Even with power 
assist, the operator of such a mechanically linked vehi- 
cle can generally feel the forces of the road against the 
steerable road wheels through the steering wheel. In- 
deed, this is a desirable feature of mechanical linkage 
steering that is sought out by operators and purchasers 
of high performance vehicles, as indicated by the pop- 
ularity of so-called "rack-and-pinion" steering. 
[0004] With conventional mechanical linkage steer- 
ing, the road forces felt in the steering wheel give the 
operator feedback useable to anticipate and control the 
vehicle. If this feedback is removed or substantially re- 
duced, such as in the case of over-assisted or "mushy" 
power steering systems, the operator will have the un- 
comfortable feeling of being separated from the road 
wheels without sufficient sensory information to main- 
tain precise control, and will therefore tend to oversteer 
the vehicle in demanding situations such as sharp or 
sudden turns. 

[0005] A steer-by-wire steering system is defined as 
a steering system lacking a direct articulated mechani- 
cal linkage for connecting a steering wheel with a set of 
steerable road wheels. Such systems are desirable be- 
cause they permit vehicle designers great latitude in the 
use of space that would normally be taken up by me- 
chanical steering linkages. In effect, the steering wheel 
becomes a sophisticated type of joystick. 
[0006] Accordingly, it is desirable to provide the oper- 
ator of a vehicle equipped with steer-by-wire with feed- 
back of road forces, or "road feel", comparable to that 
of a vehicle equipped with conventional mechanical 
steering. 

SUMMARY 

[0007] In an exemplary embodiment, a variable feed- 
back device for a steer-by-wire system comprises a 
housing that contains a magnetorheotogical fluid, a 
magnetic field generator for generating a variable mag- 
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netic field within the housing in order to vary the viscous 
resistance of the magnetorheological fluid therein, and 
a rotor rotatably mounted within the housing that rotates 
through the magnetorheological fluid and is responsive 
to the variable viscous resistance thereof. 
[0008] A steer-by-wire system comprising the varia- 
ble feedback device has multiple sensors for generating 
input signals, including a steering column sensor for 
sensing changes in position or torque of a steering 
wheel and a wheel sensor for sensing changes in posi- 
tion or torque of a steerable vehicle wheel. The system 
also includes an electric power steering motor coupled 
to a steering system for assisting the vehicle operator, 
and a device housing. Contained within the device hous- 
ing are a magnetorheological fluid, a magnetic field gen- 
erator adapted to produce a magnetic field within the 
magnetorheological fluid, and a rotor rotatably mounted 
within the device housing, wherein the rotor is respon- 
sive to the resistance of the magnetorheological fluid. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] 

FIGURE 1 is a perspective view of a prior art me- 
chanical steering system; 
FIGURE 2 is a schematic view of a variable road 
feedback device; and 

FIGURE 3 is a schematic view of a variable road 
feedback device for a steer-by-wire system. 

DESCRIPTION OF A PREFERRED EMBODIMENT 

[001 0] Referring to Figure 1 , a typical prior art steering 
system is generally depicted. A steering wheel 10 is con- 
nected to a steering shaft 11 and covered by an upper 
cover 12 and a lower cover 14. A universal joint 18 is 
coupled to the steering shaft 11. The universal joint 18 
is connected to a rack-and-pinion steering rack (not 
shown), which is coupled, in turn, to a pair of steered 
road wheels (also not shown). A direct articulated me- 
chanical connection exists throughout the prior art steer- 
ing system. 

[001 1] Turning now to Figure 2, a variable road feed- 
back device 20 for a steer-by-wire system is depicted. 
A steering wheel 22 is coupled to a magnetorheological 
("MR") fluid device 30 via a steering shaft 26. In this ex- 
emplary embodiment, the MR fluid device 30 comprises 
a rotor 24 rotatably mounted within a housing 31 that is 
filled with a volume of MR fluid 32. The rotor 24 is posi- 
tioned and shaped to be sensitive and responsive to the 
mechanical resistance or viscosity of the MR fluid 32. 
Such responsiveness may be achieved by providing 
vanes 25 or equivalent surfaces fixedly attached to the 
rotor so as to cause ever increasing resistance to free 
rotation thereof in response to increasing viscosity of the 
MR fluid. A cover member 28 is shown covering the 
steering shaft 26. The MR fluid 32 has a variable viscos- 
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ity that is controlled by a magnetic field. A magnetic field 
generator is therefore provided, which may comprise a 
wire loop or coil 34 through which current is passed. A 
control module 36 preferably controls the current within 
the wire loop 34. The control module 36 will preferably 5 
receive signals 38 from a set of sensors 40. For exam- 
ple, the control module 36 may receive information from 
position sensors or torque sensors. In this embodiment, 
the set of sensors 40 is coupled to a set of wheels (not 
shown) of a vehicle (also not shown). The sensed infor- 
mation 38 is processed by the control module 36, which, 
in turn, causes the current within the wire loop 34 to vary. 
The variable current then causes varied viscosity or me- 
chanical resistance of the MR fluid 32 contained within 
the housing 31. The variable resistance is then trans- 
ferred to the rotor 24, which is mechanically coupled with 
the steering wheel 22. The vehicle operator feels the re- 
sistance to hand movements while gripping the steering 
wheel 22. 

[0012] It is to be understood that the terms "steering 
wheel" and "road forces" are illustrative and may be gen- 
eralized to other control devices such as yokes, joy- 
sticks, foot pedals and the like, and other feedback forc- 
es, such as flight or sea forces. Likewise, the controlled 
device may be in an actual vehicle or a simulator. For 
simulators and other similar applications, the control 
module would preferably have stored or recorded data 
to substitute for the signals that would otherwise have 
been supplied by the sensors. The stored data would 
be used to send signals to the MR device simulating 
road conditions. 

[001 3] Generally, a MR fluid comprises a fluid medium 
that has suspended magnetically sensitive particulates, 
such as ferrous particles or microspheres. When the flu- 
id is in the presence of a magnetic field the spheres tend 
to aggregate and thereby increase the viscosity of the 
suspension. The stronger the magnetic field, the strong- 
er the aggregation until a point is reached where the ag- 
gregations may become so strong that the micro- 
spheres "lock up" and the fluid does not flow at all. Re- 
moval of the magnetic field immediately permits the fluid 
to flow freely again. 

[0014] Magnetorheological or "MR" fluids suitable for 
use in a variable road feedback device are disclosed in 
United States Patent Nos. US 5,896,965, issued 27 April 
1999, to Gopalswamy et al. for a Magnetorheological 
Fluid Fan Clutch; US 5,848,678, issued 15 December 
1998, to Johnston et al. for a Passive Magnetorheolog- 
ical Clutch; US 5,845,752, issued 08 December 1998, 
to Gopalswamy et al. for a Magnetorheological Fluid 
Clutch with Minimized Resistance; US 5,823,309, is- 
sued 20 October 1998, to Gopalswamy et al. for a Mag- 
netorheological Transmission Clutch; and US 
5,667,715, issued 16 September 1997, to Foister, R. T. 
for Magnetorheological Fluids; the disclosures of all of 
which are incorporated herein by reference in their en- 
tirety. 

[0015] Referring now to Figure 3, reference numeral 



50 generally indicates a steer-by-wire system incorpo- 
rating the variable road feedback device of Figure 
2,wherein the usage of the MR fluid device 30 is indicat- 
ed. 

[001 6] In operation, a vehicle operator turns the steer- 
ing wheel 22. The column sensors 54, included in the 
set of sensors 40 of Figure 2, sense the desired infor- 
mation and send the information to a control module 36. 
The control module 36 sends a set of appropriate sig- 
nals to the steering system 57. The steering system 57 
is coupled to an EPS motor 52 to effectuate steering of 
the vehicle wheels 59. 

[0017] A set of wheel sensors 55, included in the set 
40 of Figure 2, senses wheel feedback and inputs the 
sensed wheel feedback along line 53. The sensed in- 
formation may include information such as the speed of 
the vehicle, the position of the wheels 59 indicating the 
theoretical or no-slip direction of vehicle movement, and 
the forces corresponding to interactions with the road 
surface while the vehicle is moving. The control module 
36 takes the sensed information, and filters out a portion 
of unwanted feedback. The control module 36, in turn, 
sends filtered information along line 58 to the MR fluid 
device 30 depicted in Figure 2. It is to be noted that the 
MR fluid device 30 provides virtually no resistance to a 
driving column, such as column 26 as shown in Figure 
2, when there is no magnetic force induced by the con- 
trol module 36. However, when it becomes desirable to 
give the vehicle operator a feel of the road, the control 
module 36 energizes a magnetic field in the MR fluid 
device 30 causing the MR fluid device 30, in turn, to pro- 
vide variable resistance, as shown along line 62. The 
variable resistance, in turn, provides the vehicle opera- 
tor with a feel of the road by transferring the resistance 
to the steering wheel 22. Thus, the vehicle operator 
"feels" or senses the road through the steering wheel 
22. The variable road feedback device 20 uses the MR 
fluid device 30 to add the variable resistance to the 
steering wheel 22 in a drive-by-wire steering system in 
order to simulate the road feedback of a conventional 
mechanical steering system such as the one depicted 
in Figure 1 . 

[001 8] As can be appreciated, the steering system 57 
has no mechanical link to the steering wheel 22. It fol- 
lows that the vehicle operator would not have a sense 
or a "feel" of the road in the absence of the MR fluid 
device 30. The MR fluid device 30 provides a feedback 
to the vehicle operator by varying the resistance on the 
shaft 26 as shown in Figure 2. 
[0019] In another embodiment, the housing 31 con- 
taining the MR fluid 32 is placed further down the driving 
shaft 26 away from the steering wheel 22. Alternatively, 
another embodiment may place the housing 31 closer 
to the steering wheel 22. The placement of the housing 
31 is dependent upon the convenience in design and 
other suitable considerations. In addition, the location 
and the layout of the wire loop 34 may be altered in order 
to achieve a desired variation in magnetic field of the 
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MR fluid 32. Furthermore, suitable MR fluid 32 is chosen 
to accommodate a desired outcome, such as, for exam- 
ple, a desired range of variable resistance and a desired 
maximum transition period between variable resistance 
levels. For examples of different kinds of magnetorheo- 
logical ("MR") fluids for serving the functions of the fluid 
32, see U.S. Patent number 5,667,715 entitled Magne- 
torheological Fluids. However, the fluid 32 chosen shall 
not be limited to those disclosed by the above named 
patent, since any fluid having rapidly controllable viscos- 
ity may be substituted for performing the functions of the 
magnetorheological fluids disclosed therein. 
[0020] This disclosure further contemplates that an al- 
ternate embodiment steer-by-wire system may have a 
back-up system with a mechanical link between the 
steering wheel 22 and the road wheels. 
[0021 ] It shall be understood that a person of ordinary 
skill in the pertinent art may make modifications to the 
exemplary embodiment described herein without de- 
parting from the scope or intent of this disclosure. While 
the present disclosure has been described by means of 
example as carried out in a specific exemplary embod- 
iment, the claims are not intended to be limited thereby 
but to cover the invention broadly within the scope and 
spirit of the disclosure as a whole. 



Claims 

1 . A variable feedback device (20), comprising: 

a housing (31); 

a magnetorheological fluid (32) contained with- 
in the housing (31); 

a magnetic field generator (34) coupled to the 
housing (31) and adapted to produce a mag- 
netic field within the magnetorheological fluid 
(32); and 

a rotor (24) rotatably mounted within the hous- 
ing (31), the rotor (24) being responsive to the 
variable viscous resistance of the magnetorhe- 
ological fluid (32). 

2. The device of claim 1 wherein the magnetic field 
generator (34) further comprises a control module 
(36) for controlling the magnetic field. 

3. The device of claim 2 wherein the control module 
(36) processes a plurality of input signals (38) re- 
ceived from a plurality of sensors (40). 

4. The device of claim 2 wherein the control module 
(36) processes at least one input signal (38) from 
stored data. 

5. The device of claim 3 wherein the input signals (38) 
comprise information corresponding to at least one 
of position and torque. 



6. The device of claim 1 wherein the rotor (24) is cou- 
pled to a steering wheel (22). 

7. A steer-by-wire system (50) for a vehicle, the sys- 
5 tern comprising: 

a plurality of sensors (40) for generating a plu- 
rality of input signals (38), comprising at least 
one column sensor (54) for sensing changes in 
10 at least one of position and torque of a steering 

wheel (22) and comprising at least one wheel 
sensor (55) for sensing changes in at least one 
of position and torque of at least one steerable 
vehicle wheel (59); 
15 an electrical power steering motor (52) coupled 

to a vehicle steering system (57) for assisting 
a vehicle operator; and 
a housing (31) containing: 

20 a magnetorheological fluid (32); 

a magnetic field generator (34) adapted to 
produce a magnetic field within the magne- 
torheological fluid (32); and 
a rotor (24) rotatably mounted within the 
25 housing (31 ) in contact with the magnetor- 

heological fluid (32) wherein the rotor (24) 
is responsive to the viscous resistance of 
the magnetorheological fluid (32). 

30 8. The system of claim 7, further comprising: 

a control module (36) adapted to process the 
plurality of input signals (38) from the plurality of 
sensors (40) to generate a signal for varying the vis- 
cous resistance of the magnetorheological fluid 

35 (32). 

9. The system of claim 7 wherein the magnetic field 
generator (34) further comprises a control module 
(36) for controlling the intensity of the magnetic 

40 field. 

10. The system of claim 9 wherein the control module 
(36) processes a plurality of input signals (38) re- 
ceived from a set of sensors (40). 

45 

11. The system of claim 10 wherein the plurality of input 
signals (38) comprises information corresponding 
to at least one of position and torque. 

so 12. The system of claim 7 wherein the rotor (24) is cou- 
pled to a steering wheel (22). 

1 3. A method for generating a variable viscous resist- 
ance within a housing (31), which contains therein 
55 a magnetorheological fluid (32) and a rotor (24), 
whereby a vehicle operator feels resistance while 
turning a steering wheel (22), the method compris- 
ing: 
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sensing a plurality of input signals (38) with a 
plurality of sensors (40); 
generating a variable magnetic field within the 
housing (31) in accordance with the sensed 
plurality of input signals (38); 5 
varying the viscosity of the magnetorheological 
fluid (32) in accordance with the generated 
magnetic field; and 

resisting the motion of the rotor (24) in accord- 
ance with the varied viscosity of the magnetor- *o 
heological fluid (32) to thereby provide feed- 
back to the vehicle operator through the steer- 
ing wheel (22). 

14. Themethodof claim 13 wherein the sensing further *5 
comprises: 

sensing at least one first input signal from at 
least one wheel sensor (55); and 
sensing at least one second input signal from 20 
at least one column sensor (54). 
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